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INTROD U C T I O N
The conventional method of inverting for the viscosity stratification of the Earth from glacial-isostatic adjustment observations is to use an iterative strategy, where the ice sheet model and the earth model are varied alternately in order to fit relative sea level data (e.g. Tushingham & Peltier 1991; Breuer & Wolf 1995; Kaufmann & Wolf 1996; Lambeck et al. 1998; Kaufmann & Lambeck 2002) . The disadvantage of this procedure is the large number of free parameters and, thus, the difficulties in controlling the inversion procedure. In particular, for each step, the ice sheet model inferred depends on the earth model inferred at the previous step and vice versa.
An alternative method of inferring the viscosity stratification of the Earth is the use of the relaxation-rate spectrum (RRS) of glacialisostatic adjustment derived from a given shoreline diagram, as originally implemented by McConnell (1968) . A shoreline diagram represents relative sea level heights at different postglacial time epochs as functions of distance from an assumed ice-load centre, whereas the observational RRS gives the exponential decay rates associated with the Legendre spectra of the individual sea level heights.
Because the amplitudes of the exponential functions are removed in this procedure, the dependence of the observational RRS on the Pleistocene ice sheet is also largely removed (Mitrovica & Peltier 1993) .
The conventional shoreline diagram used for the inference of the viscosity stratification below Fennoscandia refers to a profile directed to the SE from the former Fennoscandian ice sheet centre (Fig. 1) . It originates in the compilation of Sauramo (1958) and was later interpreted in terms of mantle viscosity by McConnell (1968) , Parsons (1972) , Cathles (1975) and Mitrovica & Peltier (1993) (see Wolf 1996 ). Sauramo's diagram was subsequently revised in a series of publications by Donner reviewed in Donner (1995) . The new shoreline diagram was rigorously discussed by Wieczerkowski et al. (1999) . So far, shoreline diagrams different from the SE profile have not been used for the inference of the viscosity stratification. This goes back to McConnell (1968) , who ruled out other shorelines in view of their poor quality. In the present study, we consider two additional Fennoscandian profiles. The first is directed to the NW. The associated shoreline diagram was constructed by Kjemperud (1986) , who used sea level indicators (SLIs) from isolation basins in the Trondheims Fjord area. (The term SLI refers to a sample indicative of postglacial sea level, for which location, height and age have been determined (e.g. Shennan et al. 2000) .) The second profile is directed to the SW and the associated shoreline diagram will be newly constructed on the basis of SLIs from isolation basins in the Oslo Fjord area (Fig. 1) .
When inferring the observational RRS in previous studies, no eustatic reduction was usually applied to the relative sea level heights. This reduction accounts for a sea level rise as a result of mass redistribution between the Pleistocene ice sheets and the oceans during deglaciation. The argument used by Wieczerkowski (1999) for this neglect was that a uniform sea level rise has no influence on the inference of the RRS, because it corresponds to a zero-degree contribution. This argument is based on the assumption that the orthogonality of Legendre functions holds for the inference of the RRS. In contrast to this, McConnell (1968) had applied some reduction by subtracting the height of the untilted portion of the shoreline near the periphery of the deformed area. In the following, we will allow for the eustatic contribution in form of a linear sea level rise according to Fleming et al. (1998) , where the assumption of linearity is motivated by the attempt to retain only the first-order features of the eustatic reduction.
CONS T R U C T I O N O F S H O R E L I N E D I A G R A M
In the present study, a shoreline diagram represents a set of eustatically reduced relative sea level heights for selected time epochs given as functions of distance on a profile from an assumed ice sheet centre. For the eustatic reduction, we use the eustatic sea level curve published by Fleming et al. (1998) . The three shoreline profiles considered are shown in Fig. 1(a) . As a reference, we use the SE profile, for which the shoreline diagram constructed by Donner (1995) is based on palaeoshorelines and SLIs. As a consequence of the profile length of ∼500 km, its quality for inferring the RRS is good. The NW profile was compiled by Kjemperud (1986) and is based on 45 SLIs. It is located in the Trondheims Fjord area and its length is only ∼100 km. The SW profile is based on a newly compiled set of 61 SLIs. It is located in the Oslo Fjord area and has a length of ∼110 km. The SLIs used for this profile refer to dated isolation events for the inner Oslo Fjord (Hafsten 1979) , Kragero (Stabell 1980) , Ostfold (Hafsten 1979) , Porsgrunn (Stabell 1980) , Ski (Sørensen 1979) and Vestfold (Henningsmoen 1979) (Fig. 1b ; Table 1 ).
For the construction of the new shoreline diagram associated with the SW profile, we follow the method suggested by Kjemperud (1986) . First, a profile extending from his assumed ice sheet centre at 62.5
• N, 15
• E, with an orientation that minimizes the angular distances of the I SLIs considered from the profile, is determined (Fig. 1 ). Denoting the relative sea level height of the ith SLI by h RSL (x i , t i ), where x i and t i are its distance from the ice sheet centre and its 14 C age, respectively, the shoreline diagram is then constructed as follows. We select ages, t k , where t k = 4.0, 6.0, 8.0, 9.0 ka, and, for each t k , determine the best-fitting twisted plane
to h RSL (x i , t i ) by a least-squares fit (Fig. 2) , where x is the distance on the profile from the ice sheet centre,
The kth shoreline of the diagram is the intersection of the kth best-fitting plane with the plane t = t k :
Following this, the 14 C ages, t k , are converted to time epochs before present (BP) in calendar years using the program CALIB 4.1 (Stuiver & Reimer 1993) . For the converted time epochs BP, we find t k = 4.7, 7.0, 9.3, 10.5 ka. Finally, the eustatically reduced relative sea level height is calculated:
with h EU (t k ) the eustatic sea level rise since t k according to Fleming et al. (1998) . Fig. 3 shows h EU (t k ) and Fig. 4 the eustatically reduced shoreline diagram for the SW profile. In this figure, three supporting points with the associated standard deviations are chosen for each shoreline. In order to stabilize the inference of the observational RRS, we add sea level heights at the ice-load centres with a standard deviation of 10 per cent . The central height values are not crucial as long as they are positive and monotonically decreasing to zero for the present time epoch. Table 1 . SLIs used for the construction of the SW shoreline diagram. The geographical coordinates are in the decimal system, h RSL is in m above present-day sea level, and the 14 C age in a is referred to the calendar year 1950 and based on a half-life of 5570 a. Ages without laboratory reference number, Lab., are based on pollen analysis. All values refer to isolation events, with an uncertainty in h RSL of 1 m, and are taken from Stabell (1980) [1], Hafsten (1979) [2], Sørensen (1979) [3], Henningsmoen (1979) 
INFE R E N C E O F O B S E R V A T I O N A L R R S
Except for the eustatic reduction applied to the shoreline diagrams, the procedure of inferring the observational RRS from a shoreline diagram adopted follows the Bayesian approach of Wieczerkowski et al. (1999) . It consists of two steps. First, for each time epoch, t k , the eustatically reduced relative sea level height, h red (x j ), is expanded in the Legendre domain up to degree 120:
with a l the Legendre coefficient of the lth Legendre function, P l . Because of the finite length of the profile (Fig. 4) , the inversion for the Legendre coefficients is underdetermined. As suggested by Wieczerkowski et al. (1999) , we therefore use a damped leastsquares fitting procedure allowing for a correlation length of λ = 6 between neighbouring Legendre degrees, m, n, where the elements of the a priori covariance matrix are
with σ l = 0.42 exp (−0.033 l) as an a priori weight for the coefficients a l appropriate to the Fennoscandian ice load. Following this, for each Legendre degree, l, an exponential function of the form
is fitted, where A l is the amplitude, α l the relaxation rate and t PT the present time epoch. Using, for both steps, a least-squares fit, the uncertainties in the determination of the sea level heights are propagated into the observational RRS. It is important to note that, in the following, only the relaxation rates and not the amplitudes will be used. This is because the amplitudes are also influenced by the ice sheet model adopted. The resulting observational RRS inferred for the three profiles are in close agreement. Fig. 5 shows the relaxation rates as functions of the Legendre degree for l = 10-80. The RRS for the SW profile is smooth, with an average value of ∼0.25 l/ka. The error bars are increasing with Legendre degree. Beyond approximately l = 45, the uncertainties become too large. The RRS for the NW profile shows a similar behaviour. Here, the uncertainties are significant also for low degrees and the spectrum is resolved only in the range l = 12-67. The relaxation rates for the SE profile are slightly smaller, but the values lie within the uncertainties for the other two profiles. In contrast to them, the SE profile also shows some resolution for l = 60-80 even though the uncertainties are rather large. The lower right panel of Fig. 5 shows the superposition of the spectra. Although, the differences between the RRS are small, the rates for the SE profile are systematically smaller than the rates for the SW profile and the NW profile for l = 25-40. In view of the error bars, however, we cannot conclude that this behaviour suggests lateral viscosity variations, which were suggested by Kaufmann & Wu (2002) .
IMPL I C A T I O N S O F E U S T A T I C R E D U C T I O N O N O B S E R V A T I O N A L R R S
To examine the relevance of the eustatic reduction for the inference of the RRS, we show in Fig. 6 also the spectra inferred for the shoreline diagrams without eustatic reduction. In particular, the spectrum for the SE profile represents that considered by Wieczerkowski et al. (1999) . Also shown are for each profile the spectra for the eustatically reduced shorelines plotted in Fig. 5 . The overall behaviour of the unreduced spectra is similar to that of the eustatically reduced spectra. Only for the degree range l ≤ 20, we observe a shift to shorter rates, which is most pronounced for the SE profile.
To demonstrate that the application of the eustatic reduction does, in fact, improve the RRS, we perform the following test calculations for the SE profile. We employ the time domain approach to relaxation of a self-gravitating, incompressible, Maxwell-viscoelastic earth model with elastic PREM (Preliminary Reference Earth Model) structure (Martinec 2000 combined with a new time domain algorithm for the solution of the sea level equation allowing for the ice-ocean mass balance, geoidheight changes and moving coast lines (Wolf et al. 2002; Hagedoorn 2005) following the theory of Milne (1998) and the ice sheet model ICE-3G (Tushingham & Peltier 1991) . For the SE profile, we then calculate the following quantities: the relative radial displacement, u(t) − u(t PT ), and the relative sea level height, h When calculating the 'observational' RRS from the three quantities (Fig. 8) , the spectrum obtained for the relative radial displacement is very close to the synthetic RRS of the earth model used. The same applies to the spectrum for the relative sea level height with eustatic reduction. In contrast to this is the spectrum based on the relative sea level height without eustatic reduction, which is Fig. 7 for the SE profile based on calculations of relative radial displacement (solid), eustatically unreduced relative sea level height (dashed), eustatically reduced relative sea level height (dotted) and synthetic RRS for the earth model described in the text (dash-dotted).
significantly lower than the synthetic RRS for l < 20. This behaviour is also reflected in Fig. 6 .
To investigate the implications of the eustatic reduction for the inference of the viscosity stratification, only the SE and SW profiles are considered. (The NW spectrum is ignored, because its difference from the SW spectrum is insignificant and the uncertainties for low degrees are large.)
In the inversion, h L , η UM and η LM are free parameters, with the interface between the upper and lower mantle at 670 km depth. The density and the elastic parameters are kept fixed and correspond to those of the PREM model. Because we use the locally incompressible earth model developed by Martinec et al. (2001) , its response is governed by a small number of relaxation modes. Thus, the entirely dominant M0 mode is easily identified and the synthetic RRS readily determined. For the inversion, 432 earth models have been considered, with the free parameters varied in the following ranges: The misfits of the synthetic RRS to the observed RRS for the SE and SW profiles with and without eustatic reduction and for the best-fitting value of h L , respectively, are shown in Fig. 9 , where the misfit is parametrized by the variance according to
with α syn l the relaxation rate for the synthetic RRS and σ l the associated standard deviation. The grey-shaded areas show the confidence regions according to (Press et al. 1992, p. 687 ) and the error bars show the confidence limits determined from all earth models considered. The minima of the misfit function represent an uppermantle viscosity of ∼5 × 10 20 Pa s and a lower-mantle viscosity of ∼2.4 × 10 21 Pa s, where the latter is, however, only poorly resolved. This poor resolution is more pronounced for the eustatically unreduced shoreline diagrams, where the contours are almost band shaped. For the SE profile and eustatically reduced shorelines, the range defined by the confidence limits for the lower-mantle viscosity is much smaller. However, because of the limited sensitivity of the response to the viscosity below ∼1400 km depth (Mitrovica 1996) , this result must be interpreted with care. For the upper-mantle viscosity, the eustatic reduction has almost no influence. The value of ∼80 km inferred for the lithosphere thickness is also nearly insensitive to this reduction, where the confidence limits comprise the complete parameter range considered.
CONC L U D I N G R E M A R K S
The main results of the present study can be summarized as follows.
(i) A simple method of constructing shoreline diagrams from a given set of SLIs has been used to obtain a new shoreline diagram for a profile in the Oslo Fjord region of Fennoscandia.
(ii) The inference of the observational RRS from the classical shoreline diagram in SE Fennoscandia and the inversion of this RRS in terms of a viscosity model has been extended to two additional Fennoscandian shoreline diagrams. The observational RRS for the three profiles are in close agreement and, as a consequence, lead to almost identical viscosity models. This result shows that the RRS is largely insensitive to lateral heterogeneities in the viscosity distribution of the Earth. Such heterogeneities have been suggested for Fennoscandia from seismological (e.g. Babuška et al. 1988; Gregersen & Voss 2002) and geothermal (e.g. Pasquale et al. 1991) evidence and also from glacial-isostatic adjustment studies (Kaufmann & Wu 2002) . The insensitivity found also agrees with the results of Martinec & Wolf (2005) , who showed that the resolving power for lateral viscosity variations is rather small on the basis of the RRS for the SE profile.
(iii) The neglect of the eustatic reduction when inferring the observational RRS has been shown to decrease the observational relaxation rate for low Legendre degrees. This agrees with Mitrovica et al. (2000) , who demonstrated the importance of the eustatic reduction when using postglacial decay times from locations near the former centre of the Laurentide ice sheet for the inference of mantle viscosity. The slightly higher relaxation rates obtained from the eustatically reduced shoreline diagrams correspond to recent results of a joint inversion by Mitrovica & Forte (2004, Fig. 2) . A similar shift is observed if the ellipticity of the Fennoscandian ice sheet is considered, which results in an increase of ∼0.1 l/ka in the relaxation rates for low degrees for the SE profile .
(iv) The resolution of η LM is improved for the eustatically reduced shorelines. However, the optimum value of ∼ 2.4 × 10 21 Pa s is small if compared with the averaged viscosity of the lower mantle inferred from global studies (Forte & Peltier 1987; Nakada & Lambeck 1989; Mitrovica & Forte 2004 ). This deviation is a consequence of the limited sensitivity of the response considered in the present study to the lower part of the lower mantle. Whereas the above studies consider the convection process or the far-field glacial-isostatic adjustment and, thus, resolve the whole lower mantle, the sensitivity to viscosity of glacial-isostatic adjustment in Fennoscandia is limited to ∼1400 km in depth (Mitrovica 1996) . Considering these limitations, the inferred value is consistent. On the other hand, our value of η LM agrees with the average viscosity inferred by Mitrovica & Forte (2004) for the upper part of the lower mantle.
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